B-D-glucanase bands were detected by staining with 2.0% (w/v) Congo Red. Excess dye was removed by washing with 1 M-NaCI. It was seen that the substrate-bound activity appeared as very faint bands compared with free activity. For a comparative study of bound and free endo-1,4-P-~-glucanase, ten times higher bound activity was loaded on to the gel. The incubation period for transferring enzyme activity o n to the zymogram from the gradient gel was doubled, which may have led to the mixing of two very close moving bands. As shown in Fig. I , bound activity comprised at least four bands at the early stage of fermentation, while free activity comprised at least seven fractions throughout the fermentation period. In case of substratc-bound activity, the number and intensity of slow-moving bands increased with the passage of time and were comparable with that of the free cellulase bands. The appearance of slow-moving fractions led to the conclusion that this could be the result of glycosylation of the cellulases with partially hydrolysed soluble carbohydrate fragments which hindered their mobility on PAGE. Although C. flavigena secretes a considerable level of protease activity with two optimum pH values (Sami et al., IO88) , it was unable to produce endo-1,4-P-~-glucanase fragments which retained activity after degradation. Langsford et al. (1984) reported multiplicity of cellulases due to proteolytic degradation, deglycosylation and glycosylation of native enzymes in C. jimi. As shown in Fig. 1 , at least three of the bound enzyme fractions were comparable with the free enzyme activity at all the fermentation times studied. The bound endo-1 ,il-P-~-gIucanase activity which appeared at early stages of fragmentation possibly represents the native form of the enzymes in which they were secreted by the microbe and free from post-secretional modification. Multiplicity of cellulases in the earlier stages of fermentation could be the result of the expression of more than one gene specific for endo-1,4-/3-~-glucanase activity. Purification and characterization of native endo-1,4-/3-~-glucanases will be helpful in elucidating the mode of action of each fraction and should aid in defining the cause of the evolution of multiple forms of cellulases in microbes.
Introduction
Protein stability in immiscible solvent systems is important in the fields of organic solvent phase biocatalyses (Laane et al., 1987a) and food emulsion technology (Dikinson, 1987) . A reasonable level of enzyme stability is an essential prerequisite for applications in organic solvent phase biocalysis. The presence of organic solvent usually leads to a reduction in protein stability. The addition of surface active exogenous proteins and surfactants reduce cnzymc inactivation by blocking the aqueoumrganic solvent interface. Enzyme stability may also be enhanced by immobilization or chemical modification (Laane et al., 1 9 8 7~) .
An alternative approach would be the use of intrinsically stable enzymes and whole cells for biocatalysis in aqueoumrganic twosolvent phase systems.
Proteins from thcrmophilic micro-organisms often show greater resistance to heat denaturation. This appears t o he associated with an cqually enhanced stability towards other denaturants (e.g. urea and surfactants) and to protcolysis (Amelunxen & Murdock. 1978; Daniel et ill., 1982) .
We experimentally examined possible correlations between thermostability and stability in aqueous:organic two-solvent phase systems using whole cell-free protein extracts from a range of mesophilic, thcrmophilic and extreme thermophilic micro-organisms. Experiments were also performed using purified proteinascs. Cells werc harvested by centrifugation ( 19 000 g, for 20 min) washed, suspended in Na2HP0, buffer (0.1 M, pH 7.0) and sonicated. Whole cell-free protein extracts were prepared by centrifugation (48 000 g, for 2 h) to remove particular matter and stored at -80°C until use.
Protein thermostability was measured by following the percentage residual soluble protein Concentration after incubation at a range of temperatures for 60 min. Stability in aqueous:organic solvents was measured as the residual soluble protein after whole cell-free protein extracts had been shaken with a range of water-saturated organic solvents for 60 min. Protein concentration was determined by the modified Lowry method (Peterson 1977) . Initial protein concentration did not exceed 0.5 mg/ml.
Experiments were also performed using commercial proteinase preparations (Fig. 1 h ) and proteinases purified in our laboratory: caldolysin (Cowan & Daniel, 1982) and I'hermus proteinasc (D.A. Cowan, unpublished work), where enzyme activity loss as was used as the criterion for denaturation. Enzyme activity was determined spectrophotometrically using azocasein as substrate (Cowan & Daniel, 1082) . Enzyme protein concentration was < 0.3 mg/ml.
Kesirlrs arid di.sc~ir.ssiori
Proteins from micro-organisms grown at high temperatures were more thermostable than proteins from lowtemperature species. Significant correlations between microbe growth temperature and thermostability were observed in experiments at 50-90°C. The correlation cocfficicnt ( r ) valucs observed ranged from 0.64 to 0.88 (l'=0.05-0.001) with an optimum r value at 70°C. The thermostability versus stability (in aqueoumrganic twosolvent phase systems) correlation is consistent with previous observations that all cell components (proteins, nucleic acid. membranes, etc.) are adapted to withstand the environmental conditions under which the micro-organism demonstrates optimal growth (Amelunxen & Murdock, 1978) .
A significant correlation was also observed between whole cell-free protein thermostability and stability in an aqueous:n-butanol two-phase system (Fig. 1 u) . Thermostability of whole cell-free protein at 60"C, 70°C and 80°C was plotted versus stability in an aqueous:butanol two-phase system at 30"C, 40°C and 50"C, respectively. r Was 0.85 for 27 data points ( P = 0.05). A similar correlation was obtained using purified single protecins under similar conditions. For 10 neutral proteinases, a plot of thermostability at 55°C versus stability in an aqueous:n-butanol two-phase system at 40°C (Fig. 1 h ) led to an r value of 0.82 ( P = 0.002).
Irreversible heat denaturation of proteins proceeds via a reversible unfolding of native structures followed by one of three possible irreversible steps (Klibanov, 1983) : ( i ) refolding into non-native and thus inactive conformations; (ii) precipitation via covalent and non-covalent reactions; and (iii) cleavage of primary structure covalent bonds. The greater thermostability of thermophilic proteins is attributed to a higher conformational stability, i t . a higher free-energy requirement for the unfolding of the native structure. the structural basis for enhanced thermostability may reside in the tendency for a slightly greater number of salt bridges, hydrophobic interactions or hydrogen bonds within thermophilic proteins (Mozhacv & Martinek, 1 9 84).
Whole cell-free protein extract stability in aqueous:organic two-solvent phase systems was observed to be related to two factors: (i) the solubility of the organic solvent in the aqueous phase as measured by the hydrophobicity index, log I' (Laane et ul., 1 Y 87b) ; and (ii) interfacial tension at the aqueous:organic solvent interface (Davies & Rideal, 1961) . Thus protein stability was greater with hexane, octane or di-isoctyl phthalate (log P = 3.5, 4.5 and 4.5, respectively) as organic phase compared with n-butanol, hexanol or chloroform (log P=0.8, 2.0 and 2.0, respectively). Also for pairs of solvents with equal log I' values, e.g. hexano1 and chloroform (log P = 2.0), octanol and tetrachloromethane (log P=3.0) protein stability was lower in the aqueous:chlorocarbon two-solvent systems owing to a larger interfacial tension.
From the correlations demonstrated. it appears that thermostability and stability in aqueous:organic two-solvent phase systems may be closcly related. Results obtained using whole cell protein extracts support the suggestion that this is a general relationshp. Denaturation in aqeous:organic solvent systems may involvc salting-in of buried hydrophobic amino acid residues by dissolved organic solvent molecules (Franks & Eagland, 1975) . Protein tertiary structure also unfolds at the water-organic solvent interface stimulating precipitate formation (Horbett & Brash, 1987) . As with irreversible heat denaturation, the rate-limiting step for dcnaturation in aqueous:organic two-solvent phase systems may involve an initial reversible conformational change, where the free energy requirement is likely to be greater for thermophilic proteins.
As thermophilic species are obvious sources o f thermostable enzymes, these micro-organisms should also bc valuable sources of enzymes suitable for use in organic-solvent-based biocatalyses.
